Although the ovary has a large store of germ cells, most of them do not reach mature stages. If a culture system could be developed from early growing follicles to mature oocytes, it would be useful for biological research as well as for reproductive medicine. This study was conducted to establish a multistep culture system from isolated early growing follicles to mature oocytes using a mouse model. Early growing follicles with diameters of 60-95 mm corresponding to primary and early secondary follicles were isolated from 6-day-old mice and classified into three groups by diameter. These follicles contained oocytes with diameters of w45 mm and one or a few layered granulosa cells on the basal lamina. Embedding in collagen gel was followed by first-step culture. After 9-day culture, the growing follicles were transferred onto collagen-coated membrane in the second step. At day 17 of the culture series, the oocyte-granulosa cell complexes were subjected to in vitro maturation. Around 90% of the oocytes in follicles surviving at day 17 resumed second meiosis (metaphase II oocytes: 49.0-58.7%), regardless of the size when the follicle culture started. To assess developmental competence to live birth, the eggs were used for IVF and implantation in pseudopregnant mice. We successfully obtained two live offspring that produced next generations after puberty. We thus conclude that the culture system reported here was able to induce the growth of small follicles and the resultant mature oocytes were able to develop into normal mice.
Introduction
In mammalian ovaries, there are numerous follicles at various stages of growth. Especially, gonadotropinindependent small follicles are abundant but most of them do not reach ovulation. If a whole culture system from small follicles to preovulatory follicles can be established, it would be useful for follicular biology and future infertility therapy. Such a culture system provides a valuable model to study critical interactions between oocyte and follicular cells and factors regulating follicle development at each developmental stage. Eventually, follicle culture techniques could be applied to fertility preservation.
Through advances in aggressive chemotherapy and/or radiotherapy as well as abdominal surgery, survival rates from cancers have significantly increased. However, such therapies also damage normal cells including gametes, resulting in cancer survivors becoming infertile due to ovarian failure (Meirow & Nugent 2001 , Lutchman Singh et al. 2005 , Anderson et al. 2008 . Women with cancer may cryopreserve their own mature eggs before starting aggressive cancer therapy, but the numbers that can be used for infertility therapy are very small. Ovarian tissue cryopreservation is an option to recover fertility. For prepubertal girls, ovarian tissue cryopreservation is the only way to preserve their future fertility. Recently, ovarian tissue autografting after cryopreservation has been applied to a young patient who had recovered from Hodgkin's lymphoma and it resulted in a healthy baby being born (Donnez et al. 2004) . Subsequent successful cases have been reported (Meirow et al. 2005 , Demeestere et al. 2007 , Andersen et al. 2008 . However, autografting carries a risk of reintroduction of malignant cells in patients who have recovered from cancer (Shaw et al. 1996 , Meirow et al. 2008 . The technologies of in vitro growth (IVG) of follicles or oocyte-granulosa cell complexes (OGCs), in vitro maturation (IVM) of oocytes, and IVF are feasible methods for such patients.
Many researchers have reported about IVG of immature oocytes in mice (Eppig & Schroeder 1989 , Nayudu & Osborn 1992 , Cortvrindt et al. 1996 , Eppig & O'Brien 1996 , Lenie et al. 2004 . Induction and maintenance of follicle growth are more difficult in earlier stages of preantral follicles, which require longer culture periods to reach mature stages (Smitz & Cortvrindt 2002 , Hirao & Miyano 2008 . It is well established that folliculogenesis and meiotic maturation of the oocyte are strictly timed processes. To reach fully grown stages, intrinsic culture periods are necessary depending on follicular diameters at the start of the culture. For recruitment of dormant primordial follicles in culture, a multistep culture system including organ culture is necessary before IVG of isolated OGCs or isolated follicles (Eppig & O'Brien 1996 , Telfer et al. 2008 , Jin et al. 2010 .
In the ovary, the recruited primary follicles start to grow in the preantral stages until antrum formation. Preantral folliculogenesis consists of several further stages as follows: i) oocytes and one-layered granulosa cells are present, ii) granulosa cell proliferation from one layer to two to three layers, iii) granulosa cell layers increase from a few layers to four to six layers, and iv) fully grown preantral follicles having seven to eight granulosa cell layers capable of forming an antrum. In this article, follicles at each stage of preantral folliculogenesis from the above-mentioned stages are designated as primary, early secondary, middle secondary, and late secondary follicles respectively. Primary/early secondary follicles are presumed to be gonadotropin independent and middle/late secondary follicles are considered to be gonadotropin dependent. Development of optimal culture systems for different follicle stages is necessary for application to reproductive technology because mammalian reproductive ovaries contain follicles at various growth stages. In animal experiments, middle/late secondary follicles have been reported to grow in culture achieving live births, while primary and early secondary follicles are still very difficult to be grown in culture. The immature granulosa cells at these stages do not organize normal follicle shape under culture conditions.
To keep the adequate follicle structure during culture, different approaches have been attempted. All of them stated that keeping three-dimensional structure of follicles was important for successful growth of follicles. First, polyvinylpyrrolidone (PVP) was applied to the culture medium. PVP gave viscosity to the culture medium and prevented dispersal of growth factors released by follicular cells (Hirao et al. 2004) . Secondly, an inverted drop method was reported. This method prevents follicular cells from attachment and spread on the bottom of the culture dish (Wycherley et al. 2004) . Thirdly, embedding follicles in biomaterial gels such as collagen (Torrance et al. 1989 , Carroll et al. 1991 , alginate (Pangas et al. 2003) , and matrigels (Hwang et al. 2000 , Scott et al. 2004 ) was adopted for the culture. More recently, alginate prepared from brown algae has been shown to give more successful results in various animal species including mice , Xu et al. 2006 , monkeys (Xu et al. 2009b) , and humans (Xu et al. 2009a) .
Maintaining three-dimensional structure of follicles is important for keeping interactions between the cells themselves and the extracellular matrix to achieve mature stages. Cross-linked biomaterials should retain the growth factors around the oocyte and help the formation of local gap junctions between oocytes and granulosa cells. Naturally occurring extracellular matrices such as fibronectin, laminin, and collagen are deposited in ovarian follicles during follicle development. These matrices have important functions in a stage-specific manner (Berkholtz et al. 2006) . In this study, we focused on collagen gel, because collagen has been reported to stimulate cell growth and development in various mammalian cell culture systems (Wicha et al. 1979 , Yang et al. 1980 , Yang & Nandi 1983 . Not only that, the protein is also found throughout the animal world and mainly constitutes connective tissues. It is believed to have a physical function such as maintaining morphology and strength of organs. Collagen is also an essential factor for ovarian folliculogenesis. The culture systems using collagen, therefore, may keep normal ovarian functions and support cell-cell communications, regulation of cell development, and biological signaling pathways from the extracellular environment.
In 1989, Eppig's group reported the use of collagencoated membrane for a culture method of OGCs (Eppig & Schroeder 1989) . This group also succeeded in obtaining live births from neonatal mouse ovary by organ culture followed by subsequent culture of OGCs that were isolated from 8-day-old ovaries chronologically (Eppig & O'Brien 1996 , O'Brien et al. 2003 . Similarly, in our own research, preantral follicles isolated from cryopreserved ovaries of 16-day-old mice grew and reached mature stages in culture, and the oocytes were fertilized and resulted in live births (Hasegawa et al. 2006) . However, primary/early secondary follicles having diameters of !100 mm with one to three layers of granulosa cells did not grow in these culture conditions. Oocyte developmental competence is defined as the oocyte's potential to undergo maturation, fertilization, development into blastocyst, and as a final outcome to give rise to live offspring. To our knowledge, live birth has not been achieved from such small follicles. This study was designed to establish an effective culture method for mouse primary/early secondary follicles with diameters of !95 mm. For this purpose, we used 6-day-old mouse ovaries that do not contain middle secondary follicles with more than four layers of granulose cells. We also assessed the competence of the derived oocytes to achieve live births.
Materials and methods

Animals and materials
The mice used in this study were BDF1 females derived from matings between DBA/2 males and C57BL/6 females. ICR male mice (18-20 weeks old) and ICR pseudopregnant female mice (10-13 weeks old) were used for IVF and embryo transfer respectively. Animals were purchased (Japan SLC, Inc., Shizuoka, Japan; CLEA Japan, Inc., Tokyo, Japan) and housed in a temperature-and light-controlled environment on a 12 h light:12 h darkness photoperiod and were provided with food and water ad libitum. The animal experiments in this study were approved by the Committee on Animal Experimentation of Hyogo College of Medicine. Unless otherwise noted, all chemicals were purchased from Sigma-Aldrich.
Follicle culture
Late secondary follicles with diameters of 125-140 mm were collected from 16-day-old mice for IVG, as described in the previous report (Hasegawa et al. 2006) . Primary/early secondary follicles surrounded by one or a few layers of somatic cells were mechanically dissected using 30 G needles from 6-day-old BDF1 mouse ovaries. The follicles were isolated in L-15 medium (Invitrogen) supplemented with 20 mg/ml BSA and antibiotic antimycotic solution (penicillin, 10 IU/ml; streptomycin, 10 mg/ml; and amphotericin B, 25 ng/ml). The follicles corresponding to classes 3a and 3b (Pedersen & Peters 1968) were collected. The follicle classes were also confirmed by the number of granulosa cell layers in serial sections of whole ovaries stained with hematoxylin and eosin. We also calculated the number of granulosa cells per follicle. The isolated follicles were separated into oocytes and granulosa cells by treatments with collagenase and trypsin followed by repeated pipetting. Numbers of oocytes and granulosa cells were counted by a hematocytometer to determine the average number of granulosa cells surrounding an oocyte.
The collected follicles were divided into three groups based on the follicle diameters: group A, 80-95 mm, two or three partial layers of granulosa cells; group B, 70-80 mm, granulosa cell layers similar to those in group A but diameters are smaller than those of group A; and group C, 60-70 mm, one or two partial layers of granulosa cells. The isolated and grouped follicles were cultured in collagen gels for 9 days, which were designated IVGf-1. The follicles were transferred to a second culture with collagen-coated membrane for 8 days, which were designated IVGf-2. The details are as follows.
In vitro growth of follicles-1
Collagen gel (Cellmatrix; Nitta Gelatin, Inc., Osaka, Japan) was prepared according to the manufacturer's instructions. Briefly, 10 ml of reconstituted collagen solution were poured into a 60 mm dish (FALCON 351007 Petri Dish: Becton Dickinson Labware, Franklin Lakes, NJ, USA) in the form of droplets as a base layer and allowed to gel for 30 min at 37 8C. Those base layers were used to prevent the follicles from attaching directly to the culture dish and growing there. The follicles in each group were washed three times in growth medium and ten follicles were put separately onto collagen gel base layer. Immediately after this, an additional collagen solution was poured onto the base layer to cover the follicles. Follicles were embedded in collagen gel. After the top layer was fixed, 100 ml of growth medium were overlaid onto the follicle-containing gel to make microdroplets and then the microdroplets were covered with mineral oil. The medium used for IVGf-1 was a-minimum essential medium (MEM) supplemented with 5% FCS, ITS (insulin, 10 mg/ml; transferrin, 5.5 mg/ml; and sodium selenite, 5 ng/ml), antibiotic antimycotic solution (penicillin, 10 IU/ml; streptomycin, 10 mg/ml; and amphotericin B, 25 ng/ml), 1 mIU/ml of recombinant human FSH (Follistim: Organon, The Netherlands), and 1 ng/ml of mouse epidermal growth factor (mEGF). Follicles were cultured at 37 8C in 5% CO 2 , 5% O 2 , and 90% N 2 for 9 days. Half of the medium was changed every other day. On the first and ninth days of culture, follicle and zona pellucida diameter (excluding oocyte diameter) were determined by measuring two different axes (length and width) using an inverted microscope equipped with a micrometer. Oocyte-enclosing cell clusters having a diameter O110 mm were regarded as growing follicles.
In vitro growth of follicles-2
At day 9 of IVGf-1, growing follicles were removed from the collagen gel by treatment with 100 IU/ml collagenase (COLLAGENASE L: Nitta Gelatin, Inc.) for 20 min at 37 8C. Follicles were washed with IVGf-2 medium composed of a-MEM, 5% FCS, ITS, antibiotic solution (penicillin, 10 IU/ml; and streptomycin, 10 mg/ml), and 100 mIU/ml of recombinant human FSH and transferred to the 12-well plate (2 ml/well) equipped with a collagen-coated membrane insert (Transwell-COL: Corning Incorporated Life Sciences, Tewksbury, MA, USA) and cultured in IVGf-2 medium for 8 days at 37 8C in 5% CO 2 in air. Half of the medium was changed every other day. A follicle comprising an oocyte and granulosa cells attached to the collagen-coated membrane was considered to be a surviving follicle.
IVM, IVF, and embryo transfer
At day 17 of the whole culture series (IVGf-1 and IVGf-2), the surviving follicles were dislodged from the Transwell-COL membrane by pipetting and transferred to the maturation medium. As the maturation medium, IVGf-2 medium supplemented with 2.5 IU/ml hCG (Mochida Pharmaceutical Co., Ltd., Tokyo, Japan) and 10 ng/ml mEGF was used. After 19 h of incubation, in vitro ovulation was observed. Most follicles released mucified COCs. Those COCs were collected to estimate the diameters of the oocytes and to assess oocyte nuclear maturation. The mature oocytes that underwent GVBD or reached MII were transferred to modified HTF medium (zenith HTF for Mouse IVF: IVFonline.com, LLC, Guilford, CT, USA) for IVF. Sperm were collected from ICR mouse epididymis and used for insemination at 0.8!10 6 sperm/ml. After 6 h, oocytes were examined in fresh modified HTF medium. Fertilized zygote, MII stage oocyte, and GVBD oocyte were assessed by the presence of two pronuclei, by the extruded first polar body, and by no GV membrane respectively. They were further cultured overnight in the same medium and the resultant two-cell-stage embryos were cultured in modified KSOM (KSOMaa Evolve: IVFonline.com, LLC) for 96 h to examine their competence for development into blastocysts.
In the experiment for obtaining live offspring, two-cellstage embryos were vitrified by a minimum volume cooling method to collect sufficient number of embryos. Vitrification and warming were performed using vitrification/thawing kits (VT101; VT102: KITAZATO Co., Ltd., Shizuoka, Japan). Surviving embryos after warming were cultured in modified KSOM (KSOMaa Evolve: IVFonline.com, LLC) for 15 h and developing embryos at the four-cell stage were transferred into the oviducts of pseudopregnant ICR female mice (0.5 days postcoitum). Five to ten embryos were transferred to each uterine horn in a minimal volume of culture medium. Cesarean section was performed to deliver live offspring at 19.5 days postcoitum.
Statistical analysis
The results of follicle culture and embryo development were shown as mean percentages of multiple independent experiments. Differences among the three classified groups were examined using contingency tables and the c 2 test. One-way ANOVA followed by Tukey's multiple comparison test was used for statistical analysis of follicle and oocyte diameter. Differences were considered to be significant at P!0.05.
Results
IVG of early secondary follicles compared with preantral follicles
Preantral and early secondary follicles were collected from 16-and 6-day-old mouse ovaries respectively ( Fig. 1A and C) . The preantral follicles were covered with five to six layers of granulosa cells and their diameters were 125-140 mm (Fig. 1B) , while the early secondary follicles were covered with two to three layers of granulosa cells and their diameters were !100 mm (Fig. 1D) . 95.5% of the preantral follicles grew in collagen-coated membrane culture after 6 days and the grown follicles were matured in IVM (Table 1) . The resultant mature oocytes were then fertilized and the presumed embryos were cleaved. However, the early secondary follicles did not grow under these culture conditions (Table 1) IVG of primary and early secondary follicles collected from 6-day-old mouse ovaries
To establish a novel culture system for primary/early secondary follicles, collagen gel culture (IVG of follicles-1 (IVGf-1)) was adopted before collagen-coated membrane culture (IVG of follicles-2 (IVGf-2)). The procedure is illustrated in Fig. 2 . Follicles were isolated from 6-day-old mouse ovaries and classified into three groups based on the diameters (Fig. 1D, E, and F) .
In preliminary experiments of IVGf-1, we checked gas conditions and found that growth rates of follicles in 5% CO 2 , 5% O 2 , and 90% N 2 were better than those in 5% CO 2 in air. Under a condition of 5% CO 2 in air, some follicles from group A grew 25.0% (4/16) but none grew from group B or group C, 0% (0/16) or 0% (0/22) respectively. However, under 5% CO 2 , 5% O 2 , and 90% N 2 conditions, the follicles from groups A, B, and C grew at 71.4% (15/21), 52.2% (12/23), and 20.0% (4/20) respectively. Therefore, we chose the gas conditions of 5% CO 2 , 5% O 2 , and 90% N 2 . After 9-day culture of IVGf-1, the follicles in groups A, B, and C were successfully growing at 78.7, 48.6, and 18.0% respectively (Table 2) . Larger follicle groups resulted in higher growth rates. When the follicles isolated from the gel were transferred to IVGf-2 and cultured for 8 days, they grew at 61.6, 33.5, and 9.9% in each group. The growth rates were also correlated with the follicle size at the beginning of culture. The oocytes in the fully grown follicles became fertilizable mature eggs at germinal vesicle breakdown (GVBD) or metaphase II (MII) stage after IVM culture. Typical morphology is shown in Fig. 3 . Figure 3A shows a collected early secondary follicle embedded in the collagen gel at day 0 of the culture.
After 5-day culture of IVGf-1, the follicle was growing, which could be recognized by increased oocyte diameter and significantly thicker granulosa cell layers than at day 0 (Fig. 3B ). Fibrous cells located around the edge region of the follicle spread outward. Zona pellucida was clearly observed as shown by the arrow. By day 9 of the IVGf-1 culture, the follicle had grown noticeably (Fig. 3C ). The growing follicle was removed from the gel and transferred to the collagen-coated membrane for IVGf-2 (Fig. 3D) . After a further 8-day culture, the follicle formed an antral-like cavity indicated by an asterisk (*) in Fig. 3E . The follicle were mechanically removed from the membrane and transferred to the IVM culture. The matured eggs were fertilized by IVF and developed into blastocysts ( Fig. 3F and G) .
Comparison of follicle and oocyte growth in groups A, B, and C Figure 4 shows the increase in follicle and oocyte diameters during a whole culture series (IVGf-1 and IVGf-2). The diameters of follicles and oocytes increased depending on their original sizes. The follicle diameter increased more during IVGf-2 than during IVGf-1 in the three groups. Distribution of the diameters in the grown follicles was larger at day 17 (Fig. 4A) . On the other hand, oocyte diameters increased in IVGf-1 culture rather than in IVGf-2 culture (Fig. 4B) . The follicle diameters seemed to be determined by granulosa cell proliferation. At the end of the whole culture series, the differences in oocyte diameters were smaller than those of follicle diameters in each group. Physical oocyte growth mainly occurred in IVGf-1, and functional processes such as nuclear/cytoplasmic maturation occurred in IVGf-2. Figure 2 Schematic illustrating the two-step culture method. Intact follicles were mechanically isolated from 6-day-old mouse ovaries and classified into three groups, groups A, B, and C, based on their diameters. Group A: 80-95 mm, group B: 70-80 mm, and group C: 60-70 mm. Ten follicles in each group were embedded in a collagen gel microdroplet and cultured for 9 days (IVGf-1). Growing follicles were isolated by collagenase treatment to transfer to the collagen-coated membrane for a further culture (IVGf-2). About 30 follicles were cultured in a membrane insert. Medium components of IVGf-1 and IVGf-2 are described in the Materials and methods section. After 8 days, the resultant grown follicles were examined for maturation potential by in vitro maturation (IVM). Nuclear maturation and fertilizing ability of the oocyte were analyzed by IVF. 
IVM and IVF of oocytes derived from two-step IVGf
The growing follicles having an antral-like cavity at day 17 were transferred to the IVM medium to induce maturation. After 19 h, most follicles released mucified cumulus-oocyte complexes (COCs) in the three groups. There were no significant differences in the nuclear maturation rates among them ( Table 2 ). The terminal follicle size can be quite different among the three groups (groups A and B vs group C) but this does not appear to have any significant bearing on the ultimate meiotic and developmental competence of the egg. When the mucified COCs that included oocytes with GVBD or MII stage were subjected to IVF, fertilization rates in groups A, B, and C were shown to be 39.2% (49/125), 51.0% (25/49), and 50.0% (7/14) respectively. The development rates of the zygotes to blastocysts in groups A, B, and C were 32.7% (16/49), 28.0% (7/25), and 28.6% (2/7) respectively. There were no significant differences in fertilization rates and blastocyst development rates among the three groups.
Live births from embryos derived from the two-step IVGf (IVGf-1 and IVGf-2), IVM, and IVF
The two-cell-stage embryos obtained from the two-step IVGf, IVM, and IVF were vitrified to collect sufficient numbers for embryo transfer. One hundred and thirtyone embryos at the two-cell stage from three-run experiments were cryopreserved. After warming, 96.2% (126/131) survived. Fifty-three embryos that developed into the four-cell stage after overnight culture were selected and combined from the three groups for transfer to four pseudopregnant mice; therefore, which follicle group the live offspring were derived from could not be distinguished. The remaining embryos were cultured in modified KSOM for 60 h to examine developmental competence to blastocyst in vitro. Three mice became pregnant and two offspring were born by Cesarean section from two pregnant mice (Fig. 5 and Table 3 ). Their body/placenta appearance and weights were normal, and abnormality was not observed at birth. However, in the uteri, there were several dead embryos at mid stage of gestation. Also there was a fetus that was considered to have been alive to just before full term in the uterus of the other pregnant mouse. The two live offspring were females and started breathing spontaneously. They grew up and matured sexually to show normal reproductive ability.
Discussion
Developing a culture system of small ovarian follicles is important, because the ability to culture oocytes from the relatively abundant primary stage would provide a research tool to study the complex process of follicle development. A mouse model is useful for this purpose. Several culture methods were applied to preantral mouse follicles with diameters of 110-140 mm (Cortvrindt & Smitz 1998 , Kreeger et al. 2005 , Wang et al. 2011 . However, these methods are still insufficient for earlier preantral stages. The study presented here was designed to establish an IVG system to induce the growth of earlier stage follicles such as primary/early secondary stages with diameters !95 mm. We assumed that physical maintenance of follicle structure was important to give the granulosa cells the opportunity to increase in number of layers. To verify this assumption, we used collagen gel culture (IVGf-1) before a collagen-coated membrane method (IVGf-2) for growth induction of primary/early secondary follicles. By embedding such small follicles in collagen gel, suppression of rapid migration of follicular cell occurred and three-dimensional follicle structure was maintained. It suggests that the two-step culture method for primary/early secondary follicles is very successful if organ culture is not applied to the culture system.
A number of researchers have reported that the covering of oocytes with granulosa cells and the keeping of junctional contacts among adjacent granulosa cells are essential for normal follicle growth. Autocrine/ paracrine systems in the follicle seemed not to be retained in plain coculture systems of oocytes and granulosa cells. Oocytes in primary/early secondary follicles did not form functional mature oocytes having fertilizing ability in the coculture system, either (Eppig 1979 , Eppig & Schroeder 1989 . Therefore, maintaining normal follicle structure was considered to be crucial for successful follicle growth in culture. In this study, we used collagen gel, an extracellular matrix, for the culture substratum. This matrix probably gives growth signals to the follicles as well as mechanical stability. Actually, collagen has been reported to regulate ovarian functions (Matsumura et al. 2009 ). Under IVGf-1 culture, we succeeded in the induction of small follicle growth having diameters of 60-70 mm designated group C. These oocytes reached mature stages after subsequent culture of IVGf-2 and IVM. The oocytes were fertilized by IVF and the derived zygotes developed into blastocysts.
Transfer of growing follicles to IVGf-2 from IVGf-1 is essential for sufficient growth of the follicles. If IVGf-1 continues for 12 days, the follicles degenerate in the collagen gels (data not shown). Similar observations have been reported in collagen gel culture (Torrance et al. 1989) . The reason why the follicles stop growing in the continuous collagen gel culture is not clear, but it is possible that too much follicular cell proliferation results in a shortage of necessary nutritional and/or growth factors. As another explanation, toxic metabolites may be released from follicular cells and their local densities may easily increase due to the viscosity of the gel. Recently, a novel hypothesis has been proposed ; follicle growth is dependent on the physical environment of the ovary in addition to well-established hormone control. During follicle development, early growing follicles move from the cortex, a collagen-rich zone, to perimedullar region of ovary and move again to the ovarian surface prior to ovulation. This study suggests that the change in the physical environment from rigid gel (IVGf-1) to a less rigid liquid culture (IVGf-2) may recreate the situation of follicle growth in the ovary. Large mammalian species such as human follicles may have diameters O20 mm at final stage but they are still small at primary/early secondary stages. Therefore, IVGf-1 using a small amount of the gel followed by IVGf-2 using a large amount of liquid medium will support the follicle growth of large mammalian species.
Gas conditions in culture are also important. When gas conditions for IVGf-1 were checked, a condition of 5% CO 2 , 5% O 2 , and 90% N 2 showed a higher follicle growth than that of 5% CO 2 in air. In the latter condition, the follicles degenerated with higher rates. A few follicles from group A grew, but the diameters were smaller compared with those observed in the former condition. The follicles from groups B and C were denuded and degenerated within 24 h in the latter condition. This suggests that 5% O 2 conditions are suitable for primary/early secondary follicles during early growth phase. It is known that angiogenesis in physiological conditions occurs markedly during progress of ovarian development (Fraser 2006) . Several groups reported that modulating oxygen concentration was effective in follicle culture (Heise et al. 2009 , Hirao et al. 2012 . IUFD, intrauterine fetal death; bw, body weight (g); pw, placenta weight (g). Embryos were developed from 6-day-old mouse ovarian follicles after two-step IVGf, IVM, and IVF.
Taken together, O 2 supply seems to be necessary for the later stages of folliculogenesis. In our own findings, the change of gas conditions from IVGf-1 to IVGf-2 was also important to imitate physiological conditions to achieve high success rates of follicle growth. Although we succeeded in inducing primary follicles to develop into fertilizable mature eggs, the growth rate of group C was lower than that of the other groups during IVGf-1. Less-developed granulosa cells of primary/early secondary follicles very often adhered to the collagencoated membrane or even the collagen gel, probably due to the granulosa cells' nature and/or immature communications between oocyte and granulosa cells such as poor gap junction formation.
When comparing the fertilization rates and blastocystachieving rates from two pronuclei-formed zygotes, there were no significant differences among the three groups classified by follicular diameters. However, the fertilization and blastocyst-achieving rates from any group were lower than those of in vivo grown oocytes (data is not shown). In the study presented here, we demonstrated the production of two live offspring (3.7%) from transferred embryos derived from oocytes grown in vitro from primary/early secondary follicles without organ culture. The success rate of live births was still low similar to the previous studies (Eppig & Schroeder 1989 , Spears et al. 1994 , Eppig & O'Brien 1996 , O'Brien et al. 2003 , Xu et al. 2006 . Further efforts are needed to improve culture conditions.
Lenie reported a multistep culture system that changed concentrations of FCS in the medium in order to develop isolated ovarian follicles smaller than 100 mm but they did not examine developmental competence to birth (Lenie et al. 2004) . Currently, different culture methods have been reported that support the growth and survival of isolated primary/early secondary follicles. These methods have demonstrated that co-culturing earlystage follicles encapsulated in alginate with mouse embryonic fibroblasts or ovarian stromal cells improves follicle growth and survival (Tingen et al. 2011 , Tagler et al. 2012 . Furthermore, group-cultured primary follicles have been reported to survive and effectively grow when compared with those in individual culture (Hornick et al. 2013) . It seems that follicles themselves can exert a beneficial coculture effect. These results suggest that early-stage follicles may require unidentified factors responsible for promoting their growth and survival. We should also develop components of the culture medium as well as culture devices.
Recently, the activation mechanism of dormant primordial follicles has been reported in mice (Reddy et al. 2008) . However, the molecular mechanisms underlying follicle selection and development from primary stage to preovulatory stage remain poorly understood. It is important that follicle culture methods, not culture of ovarian tissues, can provide the opportunity to study regulatory mechanisms of folliculogenesis.
We would be able to study molecular mechanisms of follicular development, selection, and atresia using uniform follicles that were categorized by oocyte diameters and the number of granulosa cell layers, as opposed to a mixture of follicles at various developmental stages in ovarian tissue. The somatic component of stromal tissue associated with intraovarian regulatory process is not known. To clarify this, we can design experiments without systemic influences, as follicles in ovarian tissue would be inevitably affected by around environment.
It has been recognized that the efficiency of assisted reproductive technology could be enhanced by using oocytes from immature follicles for IVG and subsequent IVM. However, adjustment of optimal culture conditions is difficult for follicles at different stages because human follicles isolated from ovarian tissue vary in number and growth stage. Consequently, the technologies of IVG from various stage follicles would offer new applications for fertility preservation. This culture system provides the first encouraging step toward achieving full IVG of human small follicles, although we should make further effort to develop a more effective culture system. Also, we demonstrated that vitrification can be applicable to adequate embryo transfer. A combination of IVGf and vitrification may become a feasible method for future infertility treatment, because the vitrification technique has already been widely applied for clinical use (Gosden 2011 , Herrero et al. 2011 .
In conclusion, this study presents a two-step IVGf system for primary/early secondary follicles comprising small oocytes (diameters of w45 mm), with one to three granulosa cell layers and less-developed theca cells. The oocytes in the grown follicles from this system resumed meiosis and fertilized with high success rates. The presumed embryos developed to live offspring by embryo transfer after vitrification and warming at four-cell stage. To our knowledge, this is the first report of offspring born after culture of individual follicles (diameters of !100 mm) followed by IVGf, IVM, and IVF-ET.
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